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Abstract—Few studies are available in the literature on the 
sensations artificially created by dual-channel electrocutaneous 
stimulation. This study assessed the effect of a set of selected 
stimulation parameters on the sensations evoked by single- or 
dual-channel electrocutaneous stimulation. The investigated 
parameters included the stimulation site, the number of pulses, 
the number of stimulating channels (single- vs dual-channel), 
and the interleaved time between two channels. The modality, 
quality, location, and magnitude of the sensations were evalu-
ated when the stimulations were applied on the forearm skin in 
16 nondisabled subjects. Tactile perception was found to be 
induced more easily on the median and ulnar aspect than the 
dorsal and radial aspect of the forearm. Stimulation site signifi-
cantly affected the magnitude of the sensation (p < 0.01). Dual-
channel stimulation significantly increased the sensation mag-
nitude (p < 0.05) only when the two electrodes were positioned 
closely. Moreover, a higher number of pulses evoked a move-
ment perception more frequently and the interleaved time 
showed no significant effect on the magnitude of the sensation. 
The findings are expected to be useful for sensory substitution 
and augmentation applications. The results may also help 
improve users’ acceptance of hand prostheses.
Key words: artificial sensation, electrocutaneous stimulation, 
prostheses, psychophysical test, sensation measure, sensory 
augmentation, sensory communication, sensory feedback, sen-
sory modulation, sensory substitution.
INTRODUCTION
A prosthesis is an artificial device used to replace a 
missing body part. Today, commercially available pow-
ered hand prostheses can restore some motor functional-
ity. However, their usefulness is limited by lack of 
sensory feedback. Control of a hand prosthesis is often 
difficult when it is moved outside the field of vision and 
the grip force is usually found to be insufficient [1]. 
Incorporating a sensory feedback system in advanced 
hand prostheses may overcome such difficulties and 
improve their usefulness [2–4].
Artificially inducing afferent nerve activity is consid-
ered a way to augment or substitute an impaired sense [5]. 
Electrocutaneous stimulation has been recognized as one of 
the feasible techniques for creating nerve activity because it 
is noninvasive and capable of producing sensations that can 
be controlled reliably [6]. A number of earlier studies 
reported that electrocutaneous sensory feedback improved 
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subjects’ confidence in using hand prostheses and facili-
tated their awareness of the prostheses in their body image 
[7–11]. The sensory information may be encoded by modu-
lation of stimulation parameters; for example, a subject was 
reported to be able to relate modulation of the pulse rate to 
the gripping force when using a myoelectrically controlled 
hand prosthesis [9].
In addition to the application of electrocutaneous 
stimulation in prosthetic devices, evidence has emerged 
that sensory feedback training may alleviate phantom 
limb pain (PLP) or chronic limb pain [12–13]. In a study 
on the effect of sensory discrimination on PLP, five 
amputee patients with PLP were asked to discriminate 
the locations and frequencies of the electrical stimulation 
applied to the residual limb. After 2 weeks of training, 
the PLP was reduced in all subjects compared with a con-
trol group that received regular PLP treatments, including 
analgesic medication, transcutaneous nerve stimulation, 
or physical therapy [12]. Also, a recent study demon-
strated that tactile discrimination, rather than stimulation 
alone, relieved pain while improving tactile acuity in 
patients with complex regional pain syndrome [13]. 
These studies suggest that training of sensory acuity by 
discrimination of stimulation parameters may offer thera-
peutic benefit for PLP and other types of chronic pain.
In both of the applications just mentioned, an effec-
tive stimulation paradigm depends on the stimulation 
parameters selected for sensory modulation. Thus, inves-
tigating how stimulation parameters influence sensory 
output is important. A majority of earlier studies have 
investigated single-channel stimulation [14–16]. The use 
of multiple electrodes may enhance the information 
transfer rates by introducing additional stimulation vari-
ables [6]. However, few studies have systematically 
investigated the effects of stimulation parameters on 
evoked sensations in dual-channel electrocutaneous stim-
ulation, which is the focus of this work.
As such, this study examined the effect of four stimula-
tion parameters, which have previously not been extensively 
researched, on evoked sensation modality, magnitude, qual-
ity, and location. The investigated parameters were the stim-
ulation site, the number of stimulating channels (single-
channel vs dual-channel), the number of pulses, and the 
interleaved time in dual-channel stimulation. The hypothesis 
was that modulation of the selected stimulation parameters 
could modulate evoked sensations. The evoked sensations 
were qualitatively and quantitatively evaluated by psycho-
physical tests.
METHODS
Subjects
Sixteen nondisabled human subjects (8 males and 8 
females, 28.3 ± 4.0 years) participated in the study. All 
subjects signed an informed consent before the experi-
ment. The experimental protocol was in compliance with 
the Declaration of Helsinki and approved by the Danish 
local ethics committee. The subjects had no known or 
visible skin diseases in the forearm and no known history 
of neurological or psychological disorders.
Experimental Setup
The experiments were performed on a custom-
designed, computer-controlled platform. The experimental 
setup is shown in Figure 1. The stimulation sequences 
were configured in “Computer 1.” The stimulus generator 
STG2008 (Multi Channel Systems; Reutlingen, Germany) 
generated an analog voltage output. The DS5 (Digitimer; 
Hertfordshire; United Kingdom) translated the voltage sig-
nal into an isolated current stimulus. The stimulus was 
delivered to one or two electrodes (or channels) selected 
by two manually operated switches. Immediately follow-
ing a stimulus, the subject was presented with a question-
naire to describe the perceived sensation. The questionnaire 
was implemented in a graphical user interface displayed on 
“Computer 2.”
Five self-adhesive Ambu (Ballerup, Denmark) Neuro-
line 700 solid gel electrodes (skin contact size: 20 × 15 mm, 
“duck foot” shape, silver/silver chloride) were placed 
around the left forearm 5 cm distally to the elbow joint. 
The five electrode sites are referred to as S1, S2, S3, S4, 
and S5. A schematic of the electrode placement is shown 
in the Figure 1 inset. The location of the five sites was 
standardized among the subjects according to the fol-
lowing rules: (1) S1 was placed over the median nerve; 
(2) S2 was placed laterally adjacent to S1 (center-to-
center distance: approximately 15 mm, without any physi-
cal connection between the two electrodes); and (3) S3, 
S4, and S5 were equally spaced between S2 and S1. The 
common reference electrode was positioned over the 
wrist on the left forearm. We identified the location of the 
median nerve by applying nonpainful electrical stimula-
tion with moderate intensity. The site of S1 was then 
identified as the place where the evoked sensations pro-
jected to the thenar eminence and the palmar side of the 
thumb, the index finger, and the middle finger. S1 and S2 
were placed next to each other in order to examine the299
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effects of the distance between electrodes in dual-channel 
stimulation. The center-to-center distance between S3, 
S4, and S5 ranged from 46 to 69 mm depending on indi-
vidual forearm size. We prepared the skin by gently shav-
ing and moisturizing it with a water-soaked cotton cloth 
to improve conductivity.
Stimulation Application
Symmetric, rectangular, biphasic pulses at the fre-
quency of 20 Hz were applied. A biphasic waveform was 
used since it has previously been demonstrated to pro-
duce more comfortable sensations than monophasic 
pulses [6]. The applied amplitude was defined as a factor 
of the individual subject’s lowest perception threshold 
(PT) among five sites and was constant throughout the 
experiment. Since the range of the PT varied between 
subjects, the amplitude was chosen to be 2.5~4.0 times 
the lowest PT so that each subject perceived clear sensa-
tions at all sites. Pulse durations of 100, 200, and 500 s 
were first tested in a pilot experiment, and the pulse dura-
tion of 200 s was selected because it produced the least 
uncomfortable sensation at the five electrode sites.
Four types of stimulation were applied. In type 1, a 
single-pulse stimulus was applied to one of the five elec-
trodes. In type 2, two single-pulse stimuli were applied 
simultaneously to pairs of electrodes. Seven out of ten 
possible pair combinations were compared: S1&S2, 
S1&S3, S1&S4, S1&S5, S3&S4, S3&S5, and S4&S5. 
The remaining three combinations—S2&S3, S2&S4, and 
S2&S5—were not included because S1 and S2 were 
placed closely and the combinations with S2 led to similar 
results as those with S1 in the pilot experiment. In type 3, 
multipulse stimuli (n = 1, 2, 5, 10, 20) were simultane-
ously applied to three pairs of electrodes (S1&S2, S1&S4, 
and S3&S5). In type 4, two single-pulse stimuli were 
applied to the three pairs of electrodes with eight different 
values of interleaved time (i.e., t = 50 s, 100 s, 200 s, 
500 s, 1 ms, 5 ms, 10 ms, 50 ms) between two channels. 
The three particular combinations were selected because 
they comprise all the five electrode sites and cover vary-
ing distances between electrodes. Throughout the experi-
ment, the subjects were blind to the stimulation 
parameters. The four types of stimulation were presented 
to the subjects in random order, while the conditions 
within each stimulation type (e.g., conditions of n = 1, 2, 
Figure 1.
Schematic of experimental setup. Stimulation control was performed in “Computer 1.” STG2008 generated analog voltage output, 
and DS5s converted voltage into current signal. Stimuli were delivered to one or two electrodes selected by the “Switch.” Subject 
reported perceived sensations by answering questionnaire displayed on “Computer 2.” Five electrodes were placed around left fore-
arm. Inset shows location of electrodes, where S5 is on medial side and S1 and S2 on ventral side of forearm.300
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5, 10, 20 in type 3) were not randomized. The stimuli 
were not repeated to avoid possible adaptation. As such, a 
total of 48 stimuli were applied to each subject, and for 
each stimulus, the evoked sensation was psychophysically 
evaluated.
Evaluation of Evoked Sensations
Immediately after a stimulus was applied, the subject 
evaluated the perceived sensation with regard to the fol-
lowing four aspects: modality, location, quality, and mag-
nitude. A psychophysical questionnaire consisting of three 
multiple-choice questions was used to measure the evoked 
sensation modality, location, or quality (Table). A pre-
defined word list was provided for each question, and the 
subject was asked to choose the one or more words that 
best described the sensation. The predefined words were 
selected based on those words previously reported in the 
literature [2,6,17–18] as well as in our pilot experiments. 
To minimize unreliable measures, we instructed the sub-
jects in the meaning of the words before the experiments.
The magnitude of a sensation was rated by the sub-
ject using a visual analog scale (VAS) horizontally dis-
played on the questionnaire. The VAS rating was as 
follows: 0 (“no sensation”) to 10 (“upper limit of a sensa-
tion or pain”). Note that the magnitude of a sensation is a 
subjective experience and two subjects may rate the iden-
tical stimulus with considerably different VAS scores. 
Therefore, for comparison of results between subjects, 
the VAS scores rated by each subject were normalized by 
the overall maximum VAS score from the subject.
The questions were not presented in random order 
because this is not believed to affect the results of psycho-
physical tests [19]. The subject was allowed to take as 
much time as needed to answer the questionnaire. As such, 
when ready to receive the next stimulus, the subject was 
required to click on a button on the computer interface. The 
next stimulus was then delivered after approximately 5 s.
Data Analysis
Because the results of sensation modality, location, 
and quality were categorical data, we used the nonpara-
metric Cochran Q test to assess whether the electrode 
location, the number of pulses, or the interleaved time 
significantly affected the evoked sensations. Because the 
VAS scores were ranking data, we used the Friedman test 
to assess whether the investigated parameters signifi-
cantly affected the magnitude of the evoked sensations. 
We used the Wilcoxon rank sum test to compare the sen-
sation magnitude in single-channel stimulation with that 
of dual-channel stimulation. The significance level was 
defined as 0.05.
RESULTS
Overview of Evoked Sensation Modality, Location, 
and Quality
An overview of the sensation modality, location, and 
quality evoked by the four types of stimulation is 
depicted by a heat map (Figure 2). Such a heat map 
allows a straightforward overview of and comparison 
among four stimulation types.
With regard to the modality of the evoked sensations, 
the following observations can be made from the heat map. 
Overall, “touch,” “vibration,” “tingling,” “pinprick,” and 
“movement” were reported more frequently, whereas 
“cold,” “warm,” “pinch,” and “crush” were reported less 
frequently in all stimulation types. In the multiple-pulse 
stimulation (type 3), “tingling,” “pinprick,” and “move-
ment” were mostly reported. In the dual-channel stimula-
tion (type 2, 3, 4), stimulation of the electrode pairs 
involving S1 evoked “movement” more frequently and 
stimulation of the electrode pairs involving S3 and S4 pro-
duced “pinprick” more often.
Regarding the location of the evoked sensations, the 
multiple-pulse stimulation (type 3) elicited “spreading” 
and “referred” sensations more often and the interleaved
Table.
Questionnaire for evaluation of modality, location, and quality of evoked sensations.
Variable Question Predefined Word List
No. 1 (Modality) What type of sensation did you feel? Touch, vibration, warm, cold, tingling, itch, pinprick, 
pinch, crush, movement
No. 2 (Location) Where did you feel the sensation? Local, spreading, referred*
No. 3 (Quality) How would you describe the quality of the sensation? Comfortable, uncomfortable, sharp, blunt, mild, strong
*Sensation felt in distinct location away from stimulated sites.301
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stimulation (type 4) induced “local” sensation more often. 
With respect to the sensation quality, “sharp,” “uncomfort-
able,” and “strong” qualities appeared to be more associ-
ated with the multiple-pulse stimulation (type 3). The 
“blunt” quality appeared more associated with the inter-
leaved stimulation (type 4).
Effects of Stimulation Site in Single-Channel Stimula-
tion (Type 1)
The percentage of subjects who reported “touch,” 
“vibration,” “itch,” “tingling,” or “pinprick” sensation 
modalities in the single-pulse, single-channel stimulation 
(type 1) at the five sites is shown in Figure 3(a). Sensation
Figure 2. 
Heat map representation of sensation modality, location, and quality collected from 16 subjects. Colors encode number of subjects 
reporting specific sensation (x-axis). Warmer color (i.e., red) indicates that more subjects chose the word, while cooler color (i.e., 
blue) indicates fewer subjects. The four blocks each correspond to one of four types of stimulation (y-axis, left) comprising 48 stimu-
lation parameter combinations in total (y-axis, right).302
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modalities reported by less than three subjects are not 
shown (i.e., “cold,” “warm,” “pinch,” “crush,” “move-
ment”). One can observe that “touch” and “vibration” 
were more frequently evoked at S1 and S5, “tingling” at 
S2 and S3, and “pinprick” and “itch” at S3 and S4. The 
results indicated that the stimulation site had a significant 
effect on evoking “touch” (p < 0.01), “vibration” (p < 
0.01), “tingling” (p < 0.05), and “pinprick” sensations 
(p < 0.05).
Figure 3(b) plots the normalized VAS scores when 
each of the five sites was stimulated. The sensation mag-
nitude evoked at S4 (located on the dorsal side of the 
forearm) appeared to be the lowest. A significant effect 
of the stimulation site on the evoked sensation magnitude 
was found (p < 0.05).
From the heat map in Figure 2, one can observe that 
stimulation of S2 produced the “spreading” perception 
most frequently (63%), while stimulation of S3 produced 
the “sharp” quality most frequently (44%) and stimula-
tion of S4 evoked the “uncomfortable” quality most fre-
quently (25%). The statistical results indicated a 
significant effect of stimulation site on the likelihood of 
evoking a “spreading” (p < 0.01), “sharp” (p < 0.05), or 
“uncomfortable” perception (p < 0.05).
Effects of Single-Channel Versus Dual-Channel Stimu-
lation (Type 1 vs Type 2)
The effect of adding a second stimulating channel on 
evoked sensations was evaluated by comparing single-
channel stimulation at S1 with dual-channel stimulation 
where S1 was combined with the other four sites, i.e., 
S1&S2, S1&S3, S1&S4, and S1&S5. The frequency of 
reporting “movement” perception was found to be signifi-
cantly increased (p < 0.05) when S1 was combined with 
S2 and S4 (Figure 4(a)). The VAS scores (Figure 4(b)) 
have also been compared. The results indicate that only 
inclusion of S2, which was located adjacent to S1, signifi-
cantly increased the sensation magnitude (p < 0.05). No 
significant effects of adding a second channel on the loca-
tion and quality of the evoked sensations were found.
Effects of Pulse Number (Type 3)
The upper row in Figure 5 shows the percentage of 
subjects reporting “touch,” “vibration,” “tingling,” “pin-
prick,” and “movement” modalities with increasing num-
ber of pulses (n = 1, 2, 5, 10, 20) when the stimulation 
was applied to S1&S2, S1&S4, S3&S5. “Cold,” “warm,” 
“itch,” “pinch,” and “crush” modalities were not 
included, because they either were not influenced by the
Figure 3.
Sensory modalities and visual analog scale (VAS) scores measured in single-pulse, single-channel stimulation (type 1). (a) Percent-
age of subjects reporting “touch,” “vibration,” “itch,” “tingling,” or “pinprick” modalities. (b) Mean and standard deviation of normalized 
VAS scores (n = 16).303
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pulse number or were reported by only one or two 
subjects.
One can observe that an increase in the number of 
pulses decreased the likelihood of inducing the “touch” 
sensation modality but increased the likelihood of eliciting 
“tingling,” “pinprick,” and “movement” perceptions irre-
spective of the stimulation site. The results indicated that 
the number of pulses had a significant effect on the 
“touch,” “tingling,” “pinprick,” and “movement” modali-
ties (p < 0.01 in all cases) but no significant effect on 
“vibration.” The number of pulses also had a significant 
effect on the “spreading” perception (p < 0.01) and all six 
sensation qualities (i.e., p < 0.01 for “comfortable,” 
“blunt,” “mild,” “uncomfortable,” “sharp,” and “intense”).
When the three electrode pairs are compared, rela-
tively fewer subjects perceived “vibration” at S3&S5. 
Least frequent “pinprick” and most frequent “movement” 
both occurred at S1&S2. The chance of perceiving “tin-
gling” appeared to be lower at S3&S5 than S1&S2 and 
S1&S4.
Figure 6(a) shows the VAS scores in the multiple-
pulse stimulation (type 3). The magnitude of evoked sen-
sations increased significantly with higher number of 
pulses (p < 0.01 for all three electrode pairs). With use of 
regression analysis, a logarithmic relationship was found 
between the pulse number n and the sensation magnitude 
M: M = 0.454 + 0.138·log(n), M = 0.311 + 0.145·log(n), 
and  M = 0.307 + 0.145·log(n) in the stimulation of 
S1&S2, S1&S4, and S3&S5, respectively.
Effects of Interleaved Time Between Two Channels 
(Type 4)
The lower row in Figure 5 shows the percentages of 
subjects reporting “touch,” “vibration,” “tingling,” “pin-
prick,” and “movement” modalities with increasing inter-
leaved time (t = 0, 0.05, 0.1, 0.2, 0.5, 1, 5, 10, 50 ms) when 
the stimulation was applied to S1&S2, S1&S4, S3&S5. In 
stimulation of S1&S2, the frequency of reporting the 
“movement” perception decreased with increasing inter-
leaved time and became relatively consistent above 
0.2 ms. We speculated that an interleaved time shorter than 
0.2 ms (i.e., pulse duration) may have resulted in a tempo-
ral summation of stimulus fields, which led to the “move-
ment” perception. When the interleaved time exceeded 
0.2 ms, the dual-channel interleaved stimuli were equiva-
lent to a single-channel stimulus with two pulses, which in 
this case did not reach the threshold of the “movement” 
perception. When the three electrode pairs were compared, 
the “touch” modality appeared to be elicited most fre-
quently at S1&S2. The “pinprick” modality was reported 
most frequently at S3&S5.
Figure 4.
Comparison between single-channel stimulation of S1 (type 1) and dual-channel stimulation of S1 combined with other four elec-
trodes (type 2). (a) Percentage of subjects reporting “movement.” (b) Mean and standard deviation of normalized visual analog scale 
(VAS) scores (n = 16).304
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Compared with the dual-channel simultaneous stimu-
lation, the interleaved stimulation significantly increased 
the chance of producing “local” perception (p < 0.01) at 
S1&S2. With regard to the sensation quality, an inter-
leaved time shorter than 1 ms showed a significant effect 
on “blunt” feeling (p < 0.05) in all three electrode pair 
combinations; i.e., a longer interleaved time produced the 
“blunt” sensation more frequently. However, the results 
indicated no significant effect of the interleaved time on 
the VAS score (Figure 6(b)).
DISCUSSION
On Assessment of Perceived Sensations
The predefined words for the subjects describing the 
modality of perceived sensations were selected according 
to three sensation modalities of human skin: tactile 
(touch, vibration), thermal (cold, warm), and pain (pin-
prick, pinch, and crush) [20–21]. In addition, tingling, 
itch and movement were observed in the pilot experiment 
and, thus, also included in the answer list. Different sets 
of words have been used to describe electrical stimula-
tion elicited sensations in earlier work (e.g., [2,6,17–18]). 
A subset of words was selected not only to eliminate 
redundancy but also to avoid attention and/or distraction 
arising from a long answer list, which may introduce bias 
during psychophysical tests [22]. In most cases, the sub-
jects had no problem finding the words that described 
their perception. Only one subject reported “shock,” 
which was absent from the list. As such, the word list 
used in the present work was believed to cover the major-
ity of possible cutaneous sensory modalities.
Figure 5.
Percentage of subjects reporting on evoked sensation modalities with series of increasing number of pulses in multiple-pulse, dual-
channel stimulation (type 3, upper row) and increasing interleaved time in single-pulse, dual-channel interleaved stimulation (type 4, 
lower row) when stimulation applied to S1&S2 (left), S1&S4 (middle), and S3&S5 (right).305
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The subjects were generally prone to choose the words 
“mild,” “intense,” “sharp,” or “blunt” rather than “com-
fortable” or “uncomfortable” to describe the quality of a 
sensation they perceived. Most subjects reported that nei-
ther “comfortable” nor “uncomfortable” could describe the 
quality of the artificially created sensations in the experi-
ment. This may suggest that “comfortable” is not an appro-
priate word for evaluating the acceptance of artificial 
sensory feedback induced by electrocutaneous stimulation.
The order of presenting stimuli to the subjects within 
each stimulation type was the same. Note that maintain-
ing the same order among the subjects might have 
affected the results by making the measurement results 
dependent on one other [23]. It is not possible with the 
current data to determine whether an order effect existed 
in the present experiment. Presentation of the stimuli in a 
different or random order may eliminate any possible 
bias. However, running a set of fully randomized experi-
ments is not feasible.
On Effects of Stimulation Site on Evoked Sensations
“Touch” or “vibration” sensations could not be 
induced with equal chances at the five sites in the fore-
arm. When the ventral side of the forearm skin was stim-
ulated (S1), all 16 subjects perceived “touch” or 
“vibration,” whereas 14 out of 16 (88%) reported the 
same when the ulnar side was stimulated (S5). This num-
ber was reduced to 8 (50%) and 9 (56%) during stimula-
tion of the dorsal side (S4) and the radial side (S3), 
respectively. Conversely, the “pinprick” sensation was 
reported more frequently on the dorsal and radial side 
than the ventral and ulnar side. Since Pacinian corpuscles 
and Merkel disk receptors respond to vibration and light 
touch (or pressure) [24], this result may suggest that the 
distribution of these two kinds of receptors is denser on 
the ventral forearm. In practical applications, one may 
consider “touch” and “vibration” to be highly useful. 
This result also implies that the ventral and ulnar side of 
the forearm may be a more suitable target to receive arti-
ficial sensory feedback by electrocutaneous stimulation.
A “spreading” sensation was more frequently reported 
on the ventral side of the forearm. The speculation is that 
the afferent neurons in a bigger skin area may have been 
activated or that the afferents whose receptors are located 
distally outside the range of stimulation were activated. 
When stimulation was applied to the ventral side of the 
forearm (S1 and S2), 6 (38%) and 10 subjects (63%), 
respectively, perceived the sensation in a spread area, 
while only 2 (13%) subjects reported “spreading” percep-
tion on the dorsal side (S4). This difference may suggest 
that skin conductivity on the ventral side is higher than on 
the dorsal side of the forearm, and therefore, the current 
Figure 6.
Normalized visual analog scale (VAS) scores as function of (a) number of pulses in dual-channel, simultaneous stimulation (type 3) 
and (b) interleaved time in single-pulse, dual-channel stimulation (type 4). Each bar represents mean and standard deviation (n = 16). 
Note: In inset schematic of electrode placement, colors indicating three electrode pair combinations correspond to colors of bars.306
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field propagated in a larger area on the ventral side. The 
difference may also be explained by different innervation 
patterns of skin receptors and/or proximity to the median 
nerve [25–26].
On Effects of Pulse Number on Evoked Sensations
In a majority of the single-pulse stimulations under 
investigation, the evoked sensations were localized on the 
skin under the stimulating electrodes. When the number 
of pulses increased, however, the evoked sensation typi-
cally spread distally in the forearm. The intensity gradient 
of the sensation was in the proximal to distal direction. 
The extent of the spread was positively related to the 
number of pulses; i.e., the higher number of pulses caused 
a larger spread. This may be explained by the stimulus 
current field activating a progressively larger set of affer-
ent neurons with increasing charge injection [27–28].
An increase in the number of pulses remarkably 
increased the magnitude of perceived sensation. A loga-
rithmic relationship was found between the pulse number 
and the sensation magnitude. In the previous study on the 
effects of pulse number on PT, an inverse relationship was 
found between PT and the pulse number: PT = c + d/n 
[29]. This may imply that the PT is negatively related to 
the sensation magnitude in a nonlinear fashion.
When the number of pulses was increased, movement 
was observed. The observed movement was finger or wrist 
flexion. The extent of flexion appeared to be positively 
correlated with the number of pulses in the stimuli.
On Movement Perception
The perception of “movement” does not necessarily 
imply that there was muscle activation; likewise, the 
report of other percepts does not necessarily imply that 
there was no motor activity present. The observation that 
hand/wrist flexion increased with multiple pulses may 
indicate a summation of sustained muscle contractions. 
The first pulse may already have induced a twitch con-
traction. A second pulse at the rate of 20 pulses per sec-
ond, applied before the muscle has completely relaxed, 
induces another contraction that adds to the first. The 
summation of the contractions was greater than that of a 
single twitch [30]. As such, muscle activation might have 
already occurred in single-pulse dual-channel stimula-
tion, but it was visible only with multiple pulses.
In this study, the muscle activity and joint kinematics 
were not measured with electromyography or video record-
ings. The word “movement” included in the psychophysical 
questionnaire should only indicate a subjective evaluation of 
movement perception. However, future investigation of how 
muscle activity is related to movement perception may be 
valuable.
On Use of Electrocutaneous Stimulation in Practical 
Applications
The results of the present work can be useful for sen-
sory substitution and augmentation in stimulation of 
healthy skin and also have implications in the sensory 
feedback for hand prostheses and sensory discrimination-
based treatment for PLP.
People with upper-limb amputation strongly desire 
sensory feedback in a hand prosthetic device [31]. With 
the use of multiple surface electrodes, the location of 
evoked sensations can be controlled through modulation 
of the stimulated site. A given electrode or electrode pair 
may be used as a channel to convey sensory information 
to one finger, and the user can relate the perception from 
different channels to different fingers [32].
The number of pulses and stimulation site signifi-
cantly affected the evoked sensations. Hence, the stimu-
lation paradigms based on modulation of these two 
parameters may be used in a sensory discrimination train-
ing program for PLP treatments [12–13].
Note that the results may not directly relate to the 
treatment of patients with amputation when stimulating 
the damaged limb, because their perceptual measures 
may differ from those in nondisabled subjects. Hence, it 
will be of interest to see whether similar results can be 
obtained with a population of persons with amputation in 
future work. As a limitation, only a selected set of stimu-
lation profiles and locations were tested in the present 
study.
CONCLUSIONS
In this work, the sensations evoked by a variety of 
single- and dual-channel surface stimulation patterns on 
the forearm skin of nondisabled subjects were evaluated. 
Based on the results, the following conclusions and rec-
ommendations have been made. First, the stimulation site 
significantly affected the evoked sensations. Stimulation 
of the ventral and ulnar aspect of the forearm showed 
more consistency in the evoked sensation modality and a 
better chance of a “touch” or “vibration” perception. Also, 
the number of pulses was found to significantly affect the 307
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evoked sensations, which may imply that modulation of 
the pulse number is an effective way to convey informa-
tion in sensory communication or sensory discrimination. 
In addition, the sensation magnitude appeared to be easier 
to modulate than modality, location, and quality. These 
findings suggest that appropriate selection of stimulation 
patterns is important to artificially induce reliable sensa-
tions in an electrocutaneous sensory feedback system of 
prosthetic devices or in a sensory discrimination program 
for PLP relief.
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